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ABSTRACT

The adenovirus E1A gene is the first gene expressed upon viral infection. E1A remodels the cellular environment to maximize
permissivity for viral replication. E1A is also the major transactivator of viral early gene expression and a coregulator of a large
number of cellular genes. E1A carries out its functions predominantly by binding to cellular regulatory proteins and altering
their activities. The unstructured nature of E1A enables it to bind to a large variety of cellular proteins and form new molecular
complexes with novel functions. The C terminus of E1A is the least-characterized region of the protein, with few known binding
partners. Here we report the identification of cellular factor DREF (ZBED1) as a novel and direct binding partner of E1A. Our
studies identify a dual role for DREF in the viral life cycle. DREF contributes to activation of gene expression from all viral pro-
moters early in infection. Unexpectedly, it also functions as a growth restriction factor for adenovirus as knockdown of DREF
enhances virus growth and increases viral genome copy number late in the infection. We also identify DREF as a component of
viral replication centers. E1A affects the subcellular distribution of DREF within PML bodies and enhances DREF SUMOylation.
Our findings identify DREF as a novel E1A C terminus binding partner and provide evidence supporting a role for DREF in viral
replication.

IMPORTANCE

This work identifies the putative transcription factor DREF as a new target of the E1A oncoproteins of human adenovirus. DREF
was found to primarily localize with PML nuclear bodies in uninfected cells and to relocalize into virus replication centers dur-
ing infection. DREF was also found to be SUMOylated, and this was enhanced in the presence of E1A. Knockdown of DREF re-
duced the levels of viral transcripts detected at 20 h, but not at 40 h, postinfection, increased overall virus yield, and enhanced
viral DNA replication. DREF was also found to localize to viral promoters during infection together with E1A. These results sug-
gest that DREF contributes to activation of viral gene expression. However, like several other PML-associated proteins, DREF
also appears to function as a growth restriction factor for adenovirus infection.

The interaction of the adenovirus early 1A (E1A) proteins with
mammalian regulatory factors has been heavily exploited to

elucidate the molecular basis by which they control cellular pro-
cesses (1–5). Studying the interactions of E1A with new cellular
targets provides an exciting opportunity to identify and dissect
critical mechanisms controlling mammalian transcription, growth,
and differentiation, as well as to identify novel viral regulatory
mechanisms. The organization of E1A into short peptide motifs
(MoRFs) (6) involved in protein interactions has significantly en-
riched our understanding of eukaryotic protein function. Identi-
fication and characterization of novel MoRFs within E1A allow
their subsequent detection in other proteins, which suggests novel
interactions leading to significant changes to important pathways
regulating a variety of cellular and viral processes.

Cellular regulatory proteins are organized into multinode,
scale-free networks that are largely resistant to disruption (7–9).
While the inherent redundancy of cellular networks prevents crit-
ical network failure upon disruption of a single node by random
events (e.g., mutations), cellular networks are susceptible to tar-
geted attacks (e.g., by pathogens) which disrupt key controllers of
the network (10), namely, the “hub proteins” to which many of
the subsidiary nodes connect. Where a targeted approach by a
pathogen disrupts the function of the hub protein, the result is the
disruption of key functions of the cellular network to which the
hub protein is connected. Through the process of replication, vi-

ruses have evolved targeted and intricate molecular mechanisms
by which they manipulate cellular regulatory hubs, altering the
function of cellular networks in order to assist with viral prolifer-
ation (11).

Human adenoviruses (HAdVs) have unique features making
them especially useful in identifying hub proteins and the cellular
networks to which they are connected. HAdV normally infects
noncycling cells, which are poor hosts for viral replication. Con-
sequently, these viruses have evolved proteins that force the host
cell into the cell cycle and induce expression of the cellular biosyn-
thetic machinery and substrates that are required for efficient viral
replication. The initiators and the primary executors of cell cycle
modulation in HAdV-infected cells are the E1A proteins. While
E1A itself does not possess an intrinsic DNA binding activity, it
has been shown to alter cellular and viral gene expression on a
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large scale in order to enable viral replication (12, 13). Impor-
tantly, the most efficient way in which E1A does so is by targeting
central regulatory hub proteins that control cell growth and dif-
ferentiation (6). By altering the function of hub proteins in cellu-
lar networks, E1A serves as a “hub detector” by which key cellular
regulators can be identified. The interaction of E1A with mamma-
lian regulatory proteins has been heavily exploited to elucidate the
molecular basis by which these hub proteins control cellular pro-
cesses (1–5). Studying the interactions of E1A with recently iden-
tified binding proteins provides a unique opportunity to investi-
gate critical mechanisms controlling mammalian transcription,
growth, and differentiation.

Despite the functional importance of the C terminus of E1A
and its significant contribution to the total size of E1A, very few
cellular binding partners and, hence, very few MoRFs have been
identified (14). The known E1A-binding partners within the re-
gion encoded by exon 2 include CtBP (15), DYRK1 (16), HAN11
(17), FOXK1/2 (17), and importin �/QIP1 (18) (Fig. 1). Each of
these binds in conserved region 4 (CR4), with the exception of
FOXK1. Significantly, there are E1As with C-terminal mutations
(such as E267K) that bind to all the known C terminus binding
partners but have impaired transformation activities, suggesting
that other, as yet unidentified proteins may play a role (19).

The E1A C terminus has very few binding partners identified
and remains an enigmatic part of the protein (14). To further
understand the role of the C terminus of E1A during viral infec-
tion, we have used an adenovirus vector to express the C terminus
of E1A (residues 187 to 289 of HAdV5 E1A) in HT1080 cells in
order to isolate and identify novel proteins that specifically inter-
act with this region of E1A. This approach identified human DREF
(20) (DNA replication-related element binding factor; also known
as ZBED1 [zinc finger BED-type containing]). Here we show that
E1A interacts with DREF, which requires residues L272/L273
of E1A. Furthermore, during infection E1A enhances the
SUMOylation of DREF and alters its subcellular distribution
within nuclear PML bodies. Finally, we show that knockdown of
DREF enhances viral growth, suggesting that this is a viral restric-
tion factor. Collectively, these results demonstrate a dual role for
DREF in the viral life cycle: as a coregulator of viral gene expres-
sion and a viral restriction factor.

MATERIALS AND METHODS

Antibodies. Mouse monoclonal anti-E1A M73 and M58 antibodies were
previously described (21) and were grown in-house and used as the hy-
bridoma supernatant. For immunoprecipitations (IPs), 25 �l of M73 or
M58 was used, and for Western blots a dilution of 1:400 was used. Anti-
hemagglutinin (anti-HA) mouse monoclonal antibody 12CA5 was previ-
ously described (22), and 25 �l of hybridoma supernatant was used in
chromatin IP (ChIP) experiments. Mouse monoclonal anti-myc 9E10
antibody was previously described (23) and was grown in-house. For IPs,
50 �l of 9E10 hybridoma supernatant was used, while for Western blots
the supernatant was used at 1:100 dilution. Mouse monoclonal anti-72k
DNA binding protein (DBP) antibody was previously described (24) and
was used at a dilution of 1:400 for Western blots. Green fluorescent pro-
tein (GFP) antibody was purchased from Clontech (catalog no. 632592)
and was used at 1:4,000 dilution for Western blots; 5 �l was used for IPs.
Anti-adenovirus type 5 (ab6982), anti-DREF (ab48355), anti-PML
(ab53773), and anti-SUMO-1 (ab32058) antibodies were purchased from
Abcam and were used at the recommended dilutions. High-affinity an-
ti-HA rat monoclonal antibody (3F10) was purchased from Roche and
was used at the recommended dilution.

Cell and virus culture. HT1080 cells (ATCC CCL-121) were grown in
Dulbecco’s modified Eagle’s medium (HyClone) supplemented with 10%
fetal bovine serum (Invitrogen), streptomycin, and penicillin (HyClone).
HT1080 cells were chosen because the original mass spectrometry was
carried out on HT1080 lysates and these cells do not express any viral
proteins. All transfections were carried out using TurboFect reagent
(Thermo-Fisher) according to the manufacturer’s instructions using 10
�g of total DNA. Virus infections were carried out in serum-free media
for 1 h, after which complete medium was added without removal of the
infection media. All viruses used were grown in-house. Ad-LacZ was a
generous gift from Frank Graham.

ChIP. ChIP was carried out essentially as previously described (1).
HT1080 cells were infected with adenoviruses at a multiplicity of infection
(MOI) of 10 and harvested 16 h after infection for ChIP analysis. For
immunoprecipitation of E1A, the monoclonal M73 and M58 antibodies
were used. For immunoprecipitation of DREF, the polyclonal anti-DREF
antibody (Abcam no. ab48355) was used. Mouse monoclonal 12CA5 an-
ti-HA antibody was used as a negative IgG control. All primers used are
listed below.

PCRs were carried out for HAdV5 early and major late promoters
using SYBR select master mix for CFX (Applied Biosystems) according to
the manufacturer’s directions, with 3% of total ChIP DNA as the template
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FIG 1 E1A and DREF schematic diagrams. (A) Schematic diagram of HAdV5 E1A showing the two major splice variants and conserved regions. The location
of E1A exon 2 is indicated, with the residues used in MS analysis shown. (B) Schematic diagram of DREF showing key features.
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and a CFX96 real-time PCR instrument (Bio-Rad). The annealing tem-
perature used was 60°C, and 40 cycles were run.

Construction of Ad-X2. Ad-X2 was constructed by subcloning the
HAdV5 exon 2 region from pEGFP-X2 into pCAN-Myc with the N-ter-
minal myc tag in frame with exon 2. The myc-tagged exon 2 was subse-
quently subcloned using blunt-ended ligation into pAd-LoxP-WRE-SV40
(a generous gift from Arnie Berk) to generate pAd-LoxP-myc-X2. This
vector was then cotransfected together with �5 viral DNA into 293CRE
cells to generate Ad-X2 via CRE-lox-mediated recombination as previ-
ously described (25). Following complete cytopathic effect (CPE) of
transfected cells, the crude virus was tested for myc-exon 2 expression by
Western blotting and subsequently plaque purified and expanded.

Immunofluorescence. HT1080 cells were plated at low density
(�40,000 cells per chamber) on chamber slides (Nalgene Nunc) and sub-
sequently infected or transfected as described above. Twenty-four hours
after final transfection or infection, cells were fixed in 4% formaldehyde,
blocked in blocking buffer (1% normal goat serum, 1% bovine serum
albumin [BSA], 0.2% Tween 20 in phosphate-buffered saline [PBS]) and
stained with specific primary antibodies. M73 was used neat (hybridoma
supernatant), 3F10 rat anti-HA antibody (Roche) was used at a dilution of
1:400, PML antibody (Abcam ab53773) was used at a dilution of 1:150,
72k DBP antibody was used neat (hybridoma supernatant), DREF anti-
body (Abcam ab48355) was used at a dilution of 1:100, 9E10 anti-myc
antibody was used neat, and Alexa Fluor 488- and 594-conjugated sec-
ondary antibodies (Jackson ImmunoResearch) were used at a dilution of
1:600. After staining and extensive washing, slides were mounted using
Prolong Gold with DAPI (4=,6-diamidino-2-phenylindole; Invitrogen)
and imaged using a Zeiss LSM700 confocal laser scanning microscope.
Images were analyzed using the Zeiss ZEN software package.

Immunoprecipitation. Transfected HT1080 cells were lysed in NP-40
lysis buffer (0.5% NP-40, 50 mM Tris [pH 7.8], 150 mM NaCl) supple-
mented with a protease inhibitor cocktail (Sigma). One milligram of the
cell lysate was used for IP with the monoclonal M73 anti-E1A antibody or
monoclonal 9E10 anti-myc antibody. E1A was detected using the M73
monoclonal antibody, while DREF and SUMO were detected using the
anti-HA rat monoclonal antibody (clone 3F10; Roche).

Mass spectrometry. Mass spectrometry sample preparation was car-
ried out as described for “Immunoprecipitation,” with a few modifica-
tions as outlined below. 9E10 and M73 antibodies were cross-linked to
protein A-Sepharose beads using dimethyl pimelimidate as previously
described (26). For affinity purification, 20 15-cm plates of 90% confluent
HT1080 cells were infected with Ad-X2 expressing the myc-tagged C ter-
minus of E1A at an MOI of 100 and harvested 24 h later. Five washes of 50
volumes of immunoprecipitation buffer were carried out prior to elution.
Elution was carried out using 0.2 M glycine, pH 2. Samples were concen-
trated using Vivaspin columns (Millipore) and dialyzed against PBS. As-
sociated proteins were resolved by SDS-PAGE and stained with Colloidal
Blue. Bands present in Ad-X2-infected cells but absent in uninfected-
control IPs were excised from the gel and sent to Genome Québec at
McGill University for liquid chromatography-tandem mass spectrometry
(LC-MS/MS)-based protein identification.

PCR primers. The following is a list of all primers used in quantitative
PCR (qPCR) assays (F, forward primer; R, reverse primer; p, promoter
primer used for ChIP): E4p-2-R (GGCTTTCGTTTCTGGGCGTA), E4p-
2-F (TAAACACCTGAAAAACCCTCCTGCC), E3p-R (CGCCCTCTGA
TTTTCAGGTG), E3p-F (CGCGGGACCCCACATGATAT), E2p-R (AG
AATTCGGTTTCGGTGGGC), E2p-F (AGCAAATACTGCGCGCTG
AC), MLate-p-R (AACTTTATGCCTCGCGCGGG), MLate-p-F (TCGG
CCTCCGAACGGTAAGA), E2A-R (GCGGATGAGGCGGCGTATCG
AG), E2A-F (GGGGGTGGTTTCGCGCTGCTCC), E4orf6/7-R (TCCAC
CTTGCGGTTGCTTAA), E4orf6/7-F (CTGCTGCCCGAATGTAACA
CT), E3A-R (CTCGGAGAGGTTCTCTCGTAGACT), E3A-F (GCCGCC
ACAAGTGCTTTG), E1B-R (TCAAACGAGTTGGTGCTCATG), E1B-F
(CGCGCTGAGTTTGGCTCTAG), Hexon-R (GGAGTACATGCGGTC
CTTGT), Hexon-F (CTTACCCCCAACGAGTTTGA), E1A-R (GCTCA

GGTTCAGACACAGGACTGTA), E1A-F (CACGGTTGCAGGTCTTGT
CATTAT), hGAPDH-R (TTGATTTTGGAGGGATCTCG), hGAPDH-F
(GAGTCAACGGATTTGGTCGT).

Plasmids. The expression plasmid for HA-DREF was previously de-
scribed (20); pcDNA3.1-E1A was previously described (27), and it ex-
presses all E1A isoforms. Plasmids for expression of E1A243R, E1A289R,
GFP fusions of E1A fragments, and GFP fusions of representative E1As
from different HAdV serotypes were all previously described (2).
pcDNA3-HA-SUMO plasmids, generously gifted by Ron Hay, express
SUMO isoforms N-terminally tagged with HA and were previously de-
scribed (28). pCAN-myc-DREF was made by subcloning DREF in frame
with the N-terminal myc tag.

Protein purification and GST pulldown assay. Glutathione S-trans-
ferase (GST) fusions of DREF fragments were made by subcloning the
cDNA into pGEX-6P1 (GE Healthcare Life Sciences) in frame with the
N-terminal GST tag. His-tagged E1A289R was made by subcloning
the entire E1A289R cDNA into the pET42 vector (Novagen) in frame with
a C-terminal 6�His tag. Proteins were expressed in Escherichia coli and
purified on their respective resins according to the manufacturer’s speci-
fications. GST pulldowns were carried out as previously described (1).

Real-time gene expression analysis. HT1080 cells were infected with
dl309 at an MOI of 5, and 16, 20, and 48 h after infections total cellular
RNA was extracted using the TRIzol reagent (Sigma) according to the
manufacturer’s instructions. Total RNA (1.25 �g) was used in reverse
transcriptase reactions using SuperScript VILO reverse transcriptase (In-
vitrogen) according to the manufacturer’s guidelines and random
hexanucleotides for priming. The cDNA was subsequently used for real-
time expression analysis using the Bio-Rad CFX96 real-time thermocy-
cler. Fold changes in expression were determined by comparing expres-
sion levels with levels for control knockdown cells and analyzing
expression data using the Pfaffl method (29). All primers used are listed
above.

siRNA knockdown. Small interfering RNA (siRNA) knockdown was
carried out as previously described (1). Briefly, HT1080 cells were trans-
fected with DREF-specific Silencer Select siRNA (Life Technologies no.
s17567) using SilentFect reagent (Bio-Rad) according to the manufactur-
er’s specifications and a 5 nM final siRNA concentration. Silencer Select
negative-control siRNA no. 1 (Life Technologies) was used as the negative
siRNA control.

Viral genome quantification. Infected HT1080 cells (6.0 � 105) were
lysed in lysis buffer (50 mM Tris [pH 8.1], 10 mM EDTA, and 1% SDS) on
ice for 10 min. Lysates were sonicated briefly in a Covaris M220 focused
ultrasonicator to break up cellular chromatin and subjected to digestion
using proteinase K (New England BioLabs) according to the manufactur-
er’s specifications. Following proteinase K digestion, viral DNA was puri-
fied using a GeneJET PCR purification kit (Thermo-Fisher). PCRs were
carried out using SYBR select master mix for CFX (Applied Biosystems)
according to the manufacturer’s directions with 2% of total purified DNA
as the template and a CFX96 real-time PCR instrument (Bio-Rad). A
standard curve for absolute quantification was generated by serially dilut-
ing the pXC1 plasmid containing the left end of the HAdV5 genome from
a starting concentration of 1.0 � 107 copies per reaction down to 1.0 copy
per reaction. The primers used were the same as those used for expression
analysis of the E1B region; the annealing temperature used was 60°C, and
40 cycles were run.

Virus growth assay. HT1080 cells were infected with HAdV5 dl309 at
an MOI of 1. Virus was adsorbed for 1 h at 37°C under 5% CO2, after
which the media were removed and cells were washed 5 times with PBS.
Cells were bathed in new media and were reincubated at 37°C under 5%
CO2. Virus titers were determined 24, 48, and 72 h after infection, and
plaque assays were performed on 293 cells by serial dilution.

RESULTS
DREF is a novel E1A-binding protein. Compared to the other
regions of E1A, comparatively fewer binding partners have been
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identified for the C terminus of E1A (14). In addition to importin
�, CtBP, DYRK1, HAN11, and FOXK1/2 have been identified as
bona fide C terminus binding proteins (14). In order to better
understand the functional contribution of E1A to the overall role
of the protein during viral infection, we undertook a mass spec-
trometry (MS)-based identification of proteins that interact with
the C terminus of HAdV5 E1A. We constructed an adenovirus
vector that expresses a myc-tagged version of E1A residues 187 to

289 under the control of a cytomegalovirus (CMV) promoter.
This virus was used to infect HT1080 cells and a combination of
M73 anti-E1A and 9E10 anti-myc antibodies was used to affinity
purify C terminus-associated proteins from cell lysates. One of the
proteins identified via this approach was human DREF. To verify
that E1A interacts with DREF, we carried out a coimmunoprecipi-
tation (co-IP) in HAdV-infected HT1080 cells (Fig. 2). Endoge-
nous DREF was found to interact with E1A in infected HT1080
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FIG 2 E1A interacts with DREF. (A) Subconfluent human HT1080 fibrosarcoma cells were infected with HAdV5 dl309, pm975, or dl520 expressing genomic
E1A, E1A289R, or E1A243R, respectively, or Ad-LacZ with the E1 region deleted, for 24 h. Cells were subsequently harvested, lysed, and subjected to IP using M73
monoclonal anti-E1A antibody. IPs were resolved on 4 to 12% gradient Novex Bolt gels, and DREF was detected using rabbit polyclonal anti-DREF antibody. Part
of the cell lysate used in the IPs (1.5%) was used as the input control. (B) Schematic representation of E1A289R and fragments fused to GFP. (C) Human
HA-tagged DREF was cotransfected together with plasmids expressing the indicated GFP-E1A fragment fusions or GFP alone as a control into HT1080 human
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from various HAdV species into HT1080 human fibrosarcoma cells. GFP plasmid was used as a control. Twenty-four hours after transfections cells were
harvested and immunoprecipitated for GFP. IPs were resolved on 4 to 12% gradient Novex Bolt gels, and DREF was detected with anti-HA (3F10) monoclonal
antibody. The input control was 1.5% of the cell lysate used in the IPs.
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cells, binding to both E1A243R and E1A289R (Fig. 2A). Using a
panel of E1A fragments fused to GFP (Fig. 2B), we were able to
map the interaction to two sites on E1A, CR3 and the region en-
coded by exon 2 (Fig. 2C).

DREF interacted with wild-type (wt) E1A243R (Fig. 2A), and
since this E1A isoform lacks CR3 (Fig. 1A), the interaction with
the C terminus is sufficient for stable binding. In order to further
refine the region required for the interaction between the E1A C
terminus and DREF, we carried out co-IPs with previously de-
scribed E1A243R point mutants within E1A CR4 (19). DREF in-
teracted, to various degrees, with all point mutants except a dou-
ble mutant with leucine residues 272 and 273 mutated to alanines
(Fig. 2D). Mutants that interacted most strongly with DREF also
brought down a high-molecular-weight isoform of DREF (Fig.
2D, mutants P248A and R258E) that migrated slightly above the
93-kDa molecular mass marker. In order to determine whether
DREF is a common target of all HAdV serotypes, we performed
co-IP with GFP fusions of representative E1As from 6 different
HAdV species (from species A to F) (Fig. 2E). DREF was found to
interact, to various degrees, with all the different E1As suggesting
that it is a universal target of human adenovirus.

Although there are only a few known C terminus binding pro-
teins, there is a possibility that DREF interacts with E1A via an
intermediary factor. Indeed, the same point mutant that appears
to lose binding to DREF (E1A243R L272/273A) showed a loss of
binding to DYRK1A and reduced binding to HAN11 (19). To
determine whether the interaction between DREF and E1A is di-
rect, we employed a GST pulldown assay with bacterially ex-
pressed and purified DREF fragments and bacterially expressed
and purified His-tagged HAdV5 E1A289. E1A was found to inter-
act directly with residues 315 to 694 of DREF in the GST pulldown
assay (Fig. 3).

Together, these results show, for the first time, that DREF is a
novel E1A-binding protein that interacts directly with E1A.

E1A likely binds to DREF via a novel MoRF and alters DREF
SUMOylation. Sequence alignment of the region in CR4 of E1A
where DREF binds shows a high degree of conservation between
the different HAdV serotypes (Fig. 4A). Importantly, the two leu-
cine residues necessary for the interaction of HAdV5 E1A with
DREF are 100% conserved across all HAdV serotypes analyzed. To
determine whether this region constitutes a novel MoRF, we took
the sequence surrounding L272/273 of HAdV5 and subjected it to
protein BLAST. Several human cellular proteins with similar se-
quences were identified, with the ubiquitin-specific peptidase-like
protein 1 (USPL1) having the highest degree of similarity (Fig.
4A). USPL1 is a SUMO-specific isopeptidase that is responsible
for SUMO removal from modified proteins. USPL1 is also tar-
geted to Cajal bodies and plays a role in snRNA transcription by
RNA polymerase II (30). Based on these results, we hypothesized
that DREF is SUMOylated and that the interaction with E1A could
affect this modification. To test this, DREF was cotransfected with
HA-tagged SUMO-1, -2, or -3. DREF was immunoprecipitated
and blotted for the presence of SUMO. DREF was found to be
SUMOylated by SUMO-1 specifically, and expression of E1A en-
hanced the degree of DREF SUMOylation (Fig. 4B).

E1A was previously reported to interact with UBC9, a SUMO
conjugase (31, 32). Interaction of E1A with UBC9 is required for
alteration of PML body morphology in E1A-expressing cells (31),
and this is abolished by the loss of E1A binding to UBC9 by the
E1A T123H mutant. We next determined whether different iso-

forms of E1A have differing effects on DREF SUMOylation and
whether interaction with DREF or UBC9 was required for altera-
tion of DREF SUMOylation by E1A. E1A243R and E1A289R, as
well as expression of all E1A isoforms (E1A genomic), enhanced
DREF SUMOylation (Fig. 4C and D). Furthermore, mutant E1As
unable to bind DREF (L272/273A) or bind UBC9 (T123H) did not
enhance DREF SUMOylation.

Finally, to determine whether SUMOylation of endogenous
DREF is altered in the context of a productive viral infection,
HT1080 cells were infected with either Ad-LacZ, which does not
express E1A and should not replicate, or dl309, which expresses wt
genomic E1A (Fig. 4D). In this context, we observed enhanced
SUMOylation of DREF only when E1A was present.

Together, these results identify a potential novel MoRF in E1A
that is present in other cellular proteins, specifically USPL1. Fur-
thermore, we show, for the first time, that E1A enhances the
SUMOylation state of a cellular protein, DREF, during viral infec-
tion and that mutants of E1A that are unable to bind the SUMO
conjugase UBC9 or DREF are deficient for this activity.

Interaction with E1A alters the subcellular distribution of
DREF. E1A is known to alter the subcellular distribution of pro-
teins in order to alter their function (27), and we have previously
observed altered PML body morphology upon expression of E1A
in human cells (33) that was dependent on the ability of E1A to
bind to UBC9 (31). Therefore, we next investigated the subcellular
localization of DREF and whether E1A alters this distribution.
DREF was found to localize to the nuclei of HT1080 cells in dis-
tinct spots (Fig. 5A). Upon expression of E1A by transfection,
DREF continued to localize in a punctate pattern. However, the
nuclear foci appeared larger and more numerous (Fig. 5A). As
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E1A was previously found to alter the number and size of PML
bodies in infected cells, we suspected that DREF was colocalized
with PML bodies (31, 33). Furthermore, SUMOylation is a key
feature of many PML-associated proteins, and we observed al-
tered SUMOylation of DREF (Fig. 4). We next tested whether
DREF itself is a component of PML bodies. Indeed, we observed
that DREF colocalized with PML nuclear bodies (Fig. 5B). Inter-
estingly, E1A appeared to alter the distribution of DREF within
PML bodies to a peripheral location with minimal signal overlap
with PML itself (Fig. 5B, DREF�E1A). This redistribution was
lost when E1A was no longer able to bind to DREF (Fig. 5B,
DREF�E1A L272/273A) but was restored again when a mutant of
E1A still able to bind to DREF was coexpressed with DREF (Fig.
5B, DREF�E1A D271K). Quantification of PML bodies with
overlapping DREF staining showed that the percentage dropped
from approximately 90% in non-E1A-expressing cells to less than
25% when E1A was present (Fig. 5C). Together, these results iden-
tify the subcellular localization of DREF and show that E1A ap-
pears to relocalize DREF within PML bodies.

DREF is a negative regulator of viral growth and localizes to
viral replication centers. To investigate the effects of DREF on
viral replication, we knocked down the expression of DREF using
commercially available siRNA (Fig. 6). We observed efficient
knockdown of the protein as early as 24 h after initial siRNA trans-
fection (data not shown). Knockdown of DREF caused an �3-fold
enhancement of viral titers 72 h after infection. Virus growth was
enhanced following DREF knockdown as early as 48 h after infec-
tion, when detectable titers of virus were present. Enhanced
growth of virus in DREF knockdown cells persisted until 72 h after
infection, when final titers were determined (Fig. 6A), at which
point complete cytopathic effect was observed for control and
DREF knockdown cells.

The enhanced viral titers observed upon DREF knockdown
suggested that DREF might be a viral restriction factor that inhib-
its virus growth or assembly. We next tested whether DREF itself
localizes to viral replication centers and whether these were af-
fected by DREF knockdown. HT1080 cells were stained for DREF
and the viral E2A 72k DNA binding protein (DBP) 24 h after
infection (Fig. 6B, top row). As expected, in cells treated with a
control siRNA, the 72k DBP localized to distinct subnuclear do-
mains (Fig. 6B, top row), which constitute the viral replication
centers reported by others (34, 35). DREF colocalized with the 72k
DBP. In DREF knockdown cells, 72k DBP staining was morpho-
logically different (Fig. 6B, middle row). The 72k DBP was not
present in distinct subnuclear domains and formed a more diffuse
structure around the periphery of the nuclear membrane. PML
bodies were also disrupted by DREF knockdown compared to

those in infected cells treated with control siRNA (Fig. 6B, com-
pare bottom row to middle row).

Collectively, these results show that DREF is localized to viral
replication centers and negatively regulates viral growth. Disrup-
tion of DREF also appears to alter the localization of the 72k DBP
and presumably viral replication centers within infected cells.

Knockdown of DREF inhibits viral gene expression and en-
hances viral genome replication. We next investigated whether
the enhanced virus titers observed upon DREF knockdown were
related to changes in viral gene expression. DREF is a putative
transcription factor (20, 36), and the Drosophila homologue of
DREF regulates expression of genes involved in the cell cycle (37).
Since E1A alters the expression of many cell cycle-regulated genes
and viral early promoters are regulated by cell cycle-dependent
transcription factors such as E2F, it was logical to investigate how
DREF affects viral gene expression. DREF was knocked down us-
ing siRNA in HT1080 cells, and viral mRNA expression was as-
sessed at 20 and 40 h after infection (Fig. 7A). Overall, viral mRNA
expression was consistently reduced upon DREF knockdown 20 h
after infection, with hexon affected to the greatest degree (Fig.
7A). Examination of viral protein expression also showed signifi-
cantly reduced expression of E1A and 72k DBP 20 h after infection
(Fig. 7B). Furthermore, viral structural proteins were also reduced
at 20 h after infection; however, their levels were very low at this
time point (Fig. 7B, left panel). Viral gene expression and protein
levels were mostly affected earlier in the infection, as 40 h after
infection there was a minimal difference in levels of gene expres-
sion, with E1A showing slightly higher expression in knockdown
cells versus control (Fig. 7A) and most other genes being mini-
mally affected. Furthermore, there was no difference in viral pro-
tein levels between the control knockdown cells and cells where
DREF was depleted at 40 h after infection (Fig. 7B, right panel).

The reduced viral gene expression could be caused by several
factors, including reduced viral DNA replication in cells in which
DREF was knocked down using DREF-specific siRNA (siDREF).
To investigate how knockdown of DREF affected viral genome
copy number, we assayed for viral genomes in dl309-infected
HT1080 cells following knockdown at 10, 20, and 40 h after infec-
tion (Fig. 7C). Unexpectedly, knockdown of DREF increased viral
genome copy number, leading to nearly a 100-fold increase in
genome copies per cell at 40 h after infection. There was no signif-
icant difference in genome copy number at 10 and 20 h after in-
fection. This raised the possibility that the infection is further
along in siDREF knockdown cells than in control knockdown
cells. Imaging of dl309-infected HT1080 cells at 40 h after infec-
tion showed CPE only in siDREF-treated cells, not in cells treated
with nonspecific siRNA (siControl) (Fig. 7D).

FIG 4 Identification of a new MoRF in the E1A C terminus that contributes to enhanced DREF SUMOylation. (A) Multiple-sequence alignment fragments of
CR4 from HAdV E1As from different serotypes together with cellular protein USPL1 highlighting amino acid conservation. Black shading indicates conservation
across all species and proteins, whereas gray shading indicates only partial conservation. (B) pCAN-Myc-DREF expressing myc-tagged DREF was cotransfected
into HT1080 cells together with plasmids expressing the indicated HA-tagged SUMO and genomic E1A or a control plasmid expressing no E1A. Total DREF was
immunoprecipitated using the anti-myc (9E10) monoclonal antibody. IPs were resolved on a 4 to 12% gradient Novex Bolt gel, and SUMOylated isoforms of
DREF were detected using anti-HA (3F10) antibody. The input control was 1.5% of the cell lysate used in the IPs. (C) Same as panel B except that the indicated
isoforms of HAdV5 E1As were used in addition to two mutants: E1A289R T123H, which does not bind UBC9, and E1A243R L272/273A, which does not bind
to DREF. The input control was 1.5% of the cell lysate used in the IPs. (D) Densitometric quantification of results presented in panel C normalized to the negative
control (no E1A; n � 3; error bars represent standard deviations of results for the biological replicates). (E) Subconfluent HT1080 cells were infected with either
Ad-LacZ with the E1 region deleted or HAdV5 dl309 as indicated. Twenty-four hours after infection endogenous DREF was immunoprecipitated using
polyclonal anti-DREF antibody and resolved on a 4 to 12% gradient Novex Bolt gel. SUMOylated DREF was subsequently detected using rabbit monoclonal
anti-SUMO-1 antibody. DREF was detected using polyclonal anti-DREF antibody, and E1A was detected using monoclonal M73 anti-E1A antibody. The input
control was 1.5% of the cell lysate used in the IPs.
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Our observation of reduced viral gene expression upon DREF
knockdown 20 h after viral infection suggested that DREF might
be recruited to viral promoters in order to coregulate their expres-
sion. DREF binds to specific sequences in promoters of cellular
genes (20), and sequence analysis identified several potential sites
in viral promoters that could be bound by DREF (data not
shown). However, none of the predicted DREF-binding sites
showed perfect conservation of the sequence to the predicted
DREF consensus binding site (not shown). To determine whether
DREF binds to viral promoters, we performed chromatin immu-
noprecipitation for E1A and DREF at the major late promoter

(MLP) and E2, E3, and E4 promoters (Fig. 8). Both E1A and DREF
were found on all promoters tested, and we observed significant
enrichment over an IgG negative-control immunoprecipitation.
These results implicate DREF as playing a role in directing viral
early and late gene expression.

DISCUSSION

Although it has been more than 2 decades since the discovery of
CtBP as one of the first E1A C terminus binding proteins (15), very
few additional polypeptides have been reported to bind to this
region. E1A is thought to be a cellular network disruptor (6),
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which functions largely by binding to cellular proteins and alter-
ing their function. The limited knowledge of the role of CR4 in the
function of E1A confines our understanding of the function of this
critical viral regulator and oncoprotein.

To overcome this shortcoming and better understand how this
region contributes to the overall function of E1A, we undertook
MS-based identification of E1A C terminus binding partners, and
here we report, for the first time, the identification of DREF as a
novel direct binding partner of E1A. Mapping the interaction site
identified two amino acids within CR4 of E1A (L272 and L273) as

important for this interaction. Other residues also seem to con-
tribute to the interaction, such as K253 and R258; when these two
residues were mutated in E1A, the mutant E1A showed reduced
binding to DREF versus wild-type E1A. The interaction between
E1A and DREF appears to be direct, as bacterially expressed E1A
was able to pull down bacterially expressed DREF (Fig. 3) and
examination of the binding properties of the E1A mutants used in
this study toward other proteins that bind in the same regions
reveals very different patterns (Table 1). Importantly, loss of bind-
ing to some factors by E1A or reduced binding to them enhances
binding to DREF, suggesting overlapping but not exclusive re-
gions of interaction (for example, the E1A R258E mutant that
binds better to DREF than wild-type E1A largely loses binding to
DYRK1A and HAN11). These observations also exclude the pos-
sibility that DREF mediates the interaction between E1A and
DYRK1A or HAN11. Interestingly, we were able to observe a high-
er-molecular-weight isoform of DREF interacting with E1A. The
apparent molecular weight of this modified DREF corresponds to
SUMOylated DREF (compare Fig. 2D and 4B), suggesting that
E1A retains binding to posttranslationally modified DREF.

The region of E1A surrounding residues L272/273 could po-
tentially be a novel MoRF that is also present in cellular polypep-
tides (Fig. 4A) that alter SUMOylation of proteins. DREF was
found to bind to all E1A proteins from all HAdV subgroups, and
we show that DREF plays a role in viral gene expression and
growth. Interestingly, DREF appears to have a dual function. On
one hand it contributes to activation of viral gene expression early
in infection. On the other hand, it restricts viral growth, as knock-
down of the protein enhanced viral DNA replication and ulti-
mately viral titers. DREF also localizes to viral replication centers,
suggesting it may play a direct regulatory role in viral reproduc-
tion. We have also observed enhanced SUMOylation of DREF that
was dependent on the ability of E1A to bind to DREF and UBC9.
This is, as far as we are aware, the first report of E1A enhancing the
SUMOylation state of a cellular protein and only the second re-
port of E1A altering protein SUMOylation. Previously, E1A was
shown to block SUMOylation of pRb (38), suggesting the impor-
tance of subjugating this cellular posttranslational machinery dur-
ing viral infection. There was some variability in the ability of E1A
to enhance DREF SUMOylation; this could be partly caused by the
various levels of E1A expression. For example, enhancement of
SUMOylation of DREF by E1A243R was the highest in Fig. 4C,
and this was the isoform of E1A that was expressed at the high-
est levels. Nevertheless, it is clear that E1A enhances DREF
SUMOylation, suggesting that it may function as a viral SUMO ligase.

DREF binds to E1A via two regions (CR3 and CR4) that appear
to function independently, and each is sufficient for the interac-
tion (Fig. 2B). The ability to bind proteins via multiple regions is a
property of E1A that has been previously noted for multiple tar-
gets (2, 39–41). Although we are unsure of the consequences of
DREF binding to E1A via CR3, the CR4-mediated interaction is
required for the ability of E1A to enhance DREF SUMOylation
(Fig. 4). Importantly, the ability to enhance DREF SUMOylation
appears to require the interaction of E1A with DREF itself and
UBC9, the sole cellular SUMO conjugase (42). The identification
of a new MoRF within E1A that was also found in a cellular
SUMO-specific isopeptidase, USPL1 (43), suggested that the en-
hancement of SUMOylation observed may be a passive process
through inhibition of possible interaction between DREF and
USPL1. However, UBC9 is also required for enhanced DREF
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SUMOylation (Fig. 4C), which suggests that this process is more
active. One possible mechanism may involve corecruitment of
UBC9 and DREF via simultaneous binding to E1A and at the same
time competitive inhibition of binding by USPL1. Together, these
would ensure maximal DREF SUMOylation. It is tempting to
speculate that the MoRF identified is a feature of cellular isopep-

tidases that recognize specific SUMOylated residues or proteins;
however, E1A appears to interact with DREF regardless of its
SUMOylation state, and the vast majority of DREF proteins are
not SUMOylated (not shown). Interestingly, although the puta-
tive MoRF that we have identified spans much more than the two
leucine residues that are required for the interaction between E1A
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and DREF, most other residues tested had limited impact on the
interaction (Fig. 2). It is possible that the hydrophobic residues
within the MoRF are necessary for the interaction, whereas the
charged residues have little effect. Nevertheless, the identification
of this region and its similarity to USPL1 suggested alteration in
SUMOylation as a possible mechanism of E1A effects on DREF.
The role of the CR3-mediated interaction with DREF is unclear,
and we did not identify a sequence similar to that found in CR4 in
CR3. It is possible that this interaction plays some role in E1A-
mediated transcriptional regulation. An interaction between
PML-II and CR3 of E1A was shown to be important for the ability
of E1A to activate viral promoters (44), and since DREF is colo-
calized to PML bodies the two may be linked. Significantly, we
observed reduced viral gene expression upon knockdown of
DREF (Fig. 7).

Our observation that knockdown of DREF reduced viral gene
expression early on in the infection but ultimately yielded higher
viral titers suggests a dual function for DREF during the viral life
cycle. Early on in the infection, DREF appears to work together
with E1A as a coactivator driving viral gene expression. Previous
work showed that the C-terminal portion of E1A does contribute
to activation of viral gene expression (45), and this could be at least

partially mediated by DREF. Although knockdown of DREF re-
duced both viral mRNA and protein levels (Fig. 7), these returned
to normal 40 h after infection, and there was no observable differ-
ence in either viral gene expression or protein levels. This suggests
that redundancy in E1A may overcome this defect at later times
during infection, or it is possible that the higher viral genome
numbers observed later in the infection compensated for the re-
duced ability of E1A to activate viral promoters in the absence of
DREF. The more critical role for DREF, however, appears to be its
function as a viral restriction factor, perhaps in conjunction with
other PML-associated proteins. PML-associated proteins appear
to play an important role in cellular intrinsic antiviral immunity
(34, 46). It is likely that the antiviral functions of DREF have a
greater effect on total viral titers than its role in viral gene expres-
sion, and therefore when DREF is knocked down, viral titers go
up. This is further supported by viral gene expression “catching
up” to normal levels even in DREF knockdown cells at later times.
This is likely due to higher viral genome numbers present later on
in the infection, as we have observed nearly a 100-fold increase in
viral genome numbers per cell at 40 h after infection in DREF
knockdown cells versus control knockdown cells, and this was also
associated with earlier appearance of CPE (Fig. 7). Nevertheless,
the virus appears to use this cellular protein in two very different
ways in order to ensure maximum efficiency of viral reproduction.

Subcellular redistribution of endogenous proteins within in-
fected cells appears to be a common mechanism of E1A function,
as we have previously observed this with Nek9 (27). E1A appears
to relocalize DREF from directly overlapping with PML to a pe-
ripheral position in PML bodies (Fig. 5). Furthermore, during the
course of viral infection DREF is relocalized to viral replication
centers, and it is perhaps here that its antiviral role is more impor-
tant. Indeed, a recent report has shown a similar effect on another
PML-associated protein, Sp100, and highlighted its role in antivi-
ral response (34). Interestingly, we observed a change in the mor-
phology of viral replication centers in DREF knockdown cells (Fig.
6B). The much larger distribution of viral replication centers ob-
served suggests a viral infection that is further along than what is
seen in control cells, where the replication centers are individual
spots within the nucleus (Fig. 6B, bottom panel). This is further
supported by earlier appearance of CPE in DREF knockdown cells
as well as enhanced viral genome numbers.

In addition to playing a role in viral gene expression and
growth, DREF may be important for E1A-induced cellular trans-
formation. Mutations of the two residues required for the inter-
action with DREF lead to inability of E1A to transform primary
rodent cells in cooperation with E1B (19), although it is unclear
whether this is due to the loss of binding to DREF or DYRK1A.
The Drosophila homologue of DREF is an important coregulator
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polyclonal antibody. 12CA5 anti-HA monoclonal antibody was used as a neg-
ative IgG control. Data are plotted as % of input sample (n � 4; error bars
represent standard deviations of results for biological replicates).

TABLE 1 Ability of the 289R E1A C-terminal substitution mutants to bind the indicated cellular proteins

Cellular
protein

Binding abilitya of E1A

wt P248A K253E R258E R262/263E E267K D271K L272/273A

DREF ��� ���� �� ���� � ��� ��� 	
FOXK1 ���� ���� ���� ���� ���� ���� ���� ����
DYRK1A ��� �� � 	 	 �� 	 	
HAN11 ���� �� � 
 
 �� 	 

CtBP ��� ��� ��� ��� ��� �� �� ���
a 	 indicates no binding, 
 denotes very weak binding, and the number of � signs indicates the strength of binding.
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of genes involved in control of cellular growth (47), and the hu-
man protein has also been implicated in regulation of similar cel-
lular activities (36). Therefore, it is tempting to speculate that, in
addition to regulating viral growth, interaction of E1A with DREF
is important for cell cycle induction although further experimen-
tation is needed to test this possibility.

Decades of study have identified only five binding partners of
the E1A C terminus. This number is staggeringly low compared to
the number for the rest of the E1A protein, which binds to a much
larger repertoire of cellular proteins (6). Our identification of
DREF as a novel C terminus binding factor increases our under-
standing of this region of E1A and expands our limited under-
standing of DREF function. The role of DREF in infection ap-
pears complex, as it can act as a coactivator of viral gene
expression and a viral restriction factor. DREF was also identi-
fied to be SUMOylated and targeted to PML bodies in uninfected
cells and to viral replication centers during HAdV infection. We
have only just begun to understand the role of DREF in the cell and
during the course of viral infection. Our findings reveal the com-
plexity of virus-host interactions and will assist in future studies of
how DREF affects HAdV biology and its role in uninfected cells.
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